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============

In order to perform precise Standard Model measurements or to search for new physics phenomena at hadron colliders, it is important to have a good understanding of not only the short-distance *hard* scattering process, but also of the accompanying activity -- collectively termed the *underlying event* (UE). This includes partons not participating in the hard-scattering process (beam remnants), and additional hard scatters in the same proton--proton collision, termed multiple parton interactions (MPI). Initial and final state gluon radiation (ISR, FSR) also contribute to the UE activity. It is impossible to unambiguously separate the UE from the hard scattering process on an event-by-event basis. However, distributions can be measured that are sensitive to the properties of the UE.

The soft interactions contributing to the UE cannot be calculated reliably using perturbative quantum chromodynamics (pQCD) methods, and are generally described using different phenomenological models, usually implemented in Monte Carlo (MC) event generators. These models contain many parameters whose values and energy dependences are not known a priori. Therefore, the model parameters must be tuned to experimental data to obtain insight into the nature of soft QCD processes and to optimise the description of UE contributions for studies of hard-process physics.
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This paper reports a measurement of distributions sensitive to the UE, performed with the ATLAS detector \[[@CR11]\] at the LHC in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp$$\end{document}$ collisions at a centre-of-mass energy of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$7$$\end{document}$ TeV. The full dataset acquired during 2011 is used, corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$4.64 \pm 0.08\;{\rm fb}^-1$$\end{document}$. Events with a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$-boson candidate decaying into an electron or muon pair were selected, and observables constructed from the final state charged particles (after excluding the lepton pair) were studied as a function of the transverse momentum[1](#Fn1){ref-type="fn"} of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$-boson candidate, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$.Fig. 1Definition of UE regions as a function of the azimuthal angle with respect to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$-boson

This paper is organised as follows: the definitions of the underlying event observables are given in Sect. [2](#Sec2){ref-type="sec"}. The ATLAS detector is described in Sect. [3](#Sec3){ref-type="sec"}. In Sect. [4](#Sec4){ref-type="sec"}, the MC models used in this analysis are discussed. Sections [5](#Sec5){ref-type="sec"} and [6](#Sec6){ref-type="sec"}  describe the event selection, and the correction for the effect of multiple proton--proton interactions in the same bunch crossing (termed pile-up). The correction of the data to the particle level, and the combination of the electron and muon channel results are described in Sect. [7](#Sec7){ref-type="sec"}. Section [8](#Sec11){ref-type="sec"} contains the estimation of the systematic uncertainties. The results are discussed in Sect. [9](#Sec12){ref-type="sec"} and finally the conclusions are presented in Sect. [10](#Sec17){ref-type="sec"}.

Underlying event observables {#Sec2}
============================
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The observables measured in this analysis are derived from the number, $\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec3}
==================

The ATLAS detector \[[@CR11]\] covers almost the full solid angle around the collision point. The components that are relevant for this analysis are the tracking detectors, the liquid-argon (LAr) electromagnetic sampling calorimeters and the muon spectrometer.

The inner tracking detector (ID) has full coverage in azimuthal angle $\documentclass[12pt]{minimal}
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A high-granularity lead, liquid-argon electromagnetic sampling calorimeter \[[@CR15]\] covers the pseudorapidity range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 3.2$$\end{document}$. Hadronic calorimetry in the range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 1.7$$\end{document}$ is provided by an iron scintillator-tile calorimeter, consisting of a central barrel and two smaller extended barrel cylinders, one on either side of the central barrel. In the end-caps ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | > 1.5$$\end{document}$), the acceptance of the LAr hadronic calorimeters matches the outer $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |$$\end{document}$ limits of the end-cap electromagnetic calorimeters. The LAr forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend the coverage to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 4.9$$\end{document}$.

The muon spectrometer (MS) measures the deflection of muon tracks in the large superconducting air-core toroid magnets in the pseudorapidity range $\documentclass[12pt]{minimal}
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The ATLAS trigger system consists of a hardware-based Level-1 (L1) trigger and a software-based High Level Trigger, subdivided into the Level-2 (L2) and Event-Filter (EF) \[[@CR16]\] stages. In L1, electrons are selected by requiring adjacent electromagnetic (EM) trigger towers exceed a certain $\documentclass[12pt]{minimal}
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Monte Carlo simulations {#Sec4}
=======================

Monte Carlo event samples including a simulation of the ATLAS detector response are used to correct the measurements for detector effects, and to estimate systematic uncertainties. In addition, predictions of different phenomenological models implemented in the MC generators are compared to the data corrected to the particle level. Samples of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \mu ^+ \mu ^-$$\end{document}$ events were produced using the leading order (LO) [Pythia]{.smallcaps} 6 \[[@CR17]\], [Pythia]{.smallcaps} 8  \[[@CR18]\], [Herwig]{.smallcaps}++  \[[@CR19], [@CR20]\], Sherpa  \[[@CR21]\], [Alpgen]{.smallcaps}  \[[@CR22]\] and next to leading order (NLO) [Powheg]{.smallcaps}  \[[@CR23]\] event generators, including various parton density function (PDF) parametrisations. The [Alpgen]{.smallcaps} and Sherpa matrix elements are generated for up to five additional partons, thereby filling the phase space with sufficient statistics for the full set of measured observables. It should be noted, that since the measurements are all reported in bins of $\documentclass[12pt]{minimal}
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[Pythia]{.smallcaps} 6, [Pythia]{.smallcaps} 8 and [Herwig]{.smallcaps}++ are all leading-logarithmic parton shower (PS) models matched to leading-order matrix element (ME) calculations, but with different ordering algorithms for parton showering, and different hadronization models. In scattering processes modelled by lowest-order perturbative QCD two-to-two parton scatters, with a sufficiently low $\documentclass[12pt]{minimal}
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The [Pythia]{.smallcaps} 6 and [Pythia]{.smallcaps} 8 generators both use $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T}$$\end{document}$-ordered parton showers, and a hadronisation model based on the fragmentation of colour strings. The [Pythia]{.smallcaps} 8 generator adds to the [Pythia]{.smallcaps} 6 MPI model by interleaving not only the ISR emission sequence with the MPI scatters, but also the FSR emissions. The [Herwig]{.smallcaps}++   generator implements a cluster hadronization scheme with parton showering ordered by emission angle. The Sherpa generator uses LO matrix elements with a model for MPI similar to that of [Pythia]{.smallcaps} 6 and a cluster hadronisation model similar to that of [Herwig]{.smallcaps}++. In [Alpgen]{.smallcaps} the showering is performed with the [Herwig]{.smallcaps} generator. The original Fortran [Herwig]{.smallcaps}  \[[@CR25]\] generator does not simulate multiple partonic interactions; these are added by the [Jimmy]{.smallcaps}  \[[@CR26]\] package. The [Alpgen]{.smallcaps} generator provides leading-order multi-leg matrix element events: it includes more complex hard process topologies than those used by the other generators, but does not include loop-diagram contributions. The [Alpgen]{.smallcaps} partonic events are showered and hadronised by the [Herwig]{.smallcaps}+[Jimmy]{.smallcaps}generator combination, making use of MLM matching \[[@CR22]\] between the matrix element and parton shower to avoid double-counting of jet production mechanisms. A related matching process is used to interface [Pythia]{.smallcaps} 6 to the next-to-leading-order (NLO) [Powheg]{.smallcaps} generator, where the matching scheme avoids both double-counting and NLO subtraction singularities \[[@CR27], [@CR28]\].

Different settings of model parameters, tuned to reproduce existing experimental data, have been used for the MC generators. The [Pythia]{.smallcaps} 6, [Pythia]{.smallcaps} 8, [Herwig]{.smallcaps} + [Jimmy]{.smallcaps}, [Herwig]{.smallcaps}++ and Sherpa tunes have been performed using mostly Tevatron and early LHC data. The parton shower generators used with [Alpgen]{.smallcaps} and [Powheg]{.smallcaps} do not use optimised tunes specific to their respective parton shower matching schemes.

For the purpose of correcting the data for detector effects, samples generated with Sherpa (with the CTEQ6L1 PDF and the corresponding UE tune), and [Pythia]{.smallcaps} 8 tune 4C \[[@CR36]\] were passed through ATLFAST2 \[[@CR37]\], a fast detector simulation software package, which used full simulation in the ID and MS and a fast simulation of the calorimeters. Comparisons between MC events at the reconstructed and particle level are then used to correct the data for detector effects. Since the effect of multiple proton--proton interactions is corrected using a data-driven technique (as described in Sect. [6](#Sec6){ref-type="sec"}), only single proton--proton interactions are simulated in these MC samples.

Event selection {#Sec5}
===============

The event sample was collected during stable beam conditions, with all detector subsystems operational. To reject contributions from cosmic-ray muons and other non-collision backgrounds, events are required to have a primary vertex (PV). The PV is defined as the reconstructed vertex in the event with the highest $\documentclass[12pt]{minimal}
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Electrons are reconstructed from energy deposits measured in the EM calorimeter and associated to ID tracks. They are required to satisfy $\documentclass[12pt]{minimal}
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The tracks in the calculation of UE observables satisfy the following criteria \[[@CR40]\]:$\documentclass[12pt]{minimal}
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Correction for pile-up {#Sec6}
======================

The average expected number of pile-up events per hard-scattering interaction ($\documentclass[12pt]{minimal}
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The measured distribution of any track-based observable can be expressed as the convolution of the distribution of this variable for the tracks originating from the $\documentclass[12pt]{minimal}
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The stability of the pile-up correction for different beam conditions is demonstrated in Fig. [2](#Fig2){ref-type="fig"}. The figure compares the distributions of the average charged particle multiplicity density, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle N_\text {ch}/\delta \eta \,\delta \phi \rangle $$\end{document}$ as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, before and after pile-up correction, for two sub-samples with an average of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$3.6$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6$$\end{document}$ interactions per bunch crossing ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \mu \rangle $$\end{document}$), respectively. Each distribution is normalised to that obtained for the full sample after pile-up correction. The dependence of the normalised charged multiplicity distributions on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$ which can be seen before correction in Fig. [2](#Fig2){ref-type="fig"} reflects the fact that actual contributions to this observable depend on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, while the pile-up contribution is independent of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$. The pile-up corrected results agree to better than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\,\%$$\end{document}$, a value much smaller than the size of the correction, which may be as large as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$20\,\%$$\end{document}$ for this observable in low $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$ bins for the data-taking periods with the highest values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \mu \rangle $$\end{document}$. The systematic uncertainty arising from this procedure is discussed in Sect. [8](#Sec11){ref-type="sec"}.

Unfolding to particle level, background corrections and channel combination {#Sec7}
===========================================================================

After correcting for pile-up, an iterative Bayesian unfolding \[[@CR41]\] of all the measured observables to the particle level is performed. This is followed by a correction of the unfolded distributions for the small amount of background from other physics processes. At this point, the electron and muon measurements are combined to produce the final results.

Unfolding {#Sec8}
---------
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The UE observables are constructed from stable charged particles with $\documentclass[12pt]{minimal}
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Bayesian iterative unfolding was used to correct for residual detector resolution effects. This method requires two inputs: an input distribution of the observable (the MC generator-level distribution is used for this), and a detector response matrix which relates the uncorrected measured distribution in this observable to that defined at the event generator level, also termed the particle level. The detector response matrix element, $\documentclass[12pt]{minimal}
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The unfolding process is iterated to avoid dependence on the input distribution: the corrected data distribution produced in each iteration is used as the input for the next. In this analysis, four iterations were performed since this resulted only in a small residual bias when tested on MC samples while keeping the statistical uncertainties small. The unfolding uses the Sherpa simulation for the input distributions and unfolding matrix. In the muon channel, the MC events are reweighted at the particle level in terms of a multi-variable distribution constructed for each distribution of interest using the ratio of data to detector-level MC, so that the detector-level MC closely matches the data. This additional step is omitted in the electron channel for the reasons discussed in Sect. [7.3](#Sec10){ref-type="sec"}.

The dominant correction to the data is that related to track reconstruction and selection efficiencies, in particular at low-$\documentclass[12pt]{minimal}
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Backgrounds {#Sec9}
-----------
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The primary vertex requirement removes almost all of the beam-induced non-collision background events. Similarly, the impact parameter requirements on the leptons reduce the cosmic-ray background to a level below $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.1\,\%$$\end{document}$ of the signal. These residual backgrounds were considered as negligible in the analysis.

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp$$\end{document}$ collision backgrounds to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow e^+ e^-$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu ^+ \mu ^-$$\end{document}$ decays were found to be of the order of a few percent of the signal in the mass window \[[@CR43]\]. The *resonant* backgrounds from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$WZ$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ZZ$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z\gamma $$\end{document}$ pair production with a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ boson decaying into leptons were estimated from simulated samples and found to amount to less than 0.2 % of the selected events. Their impact on the underlying event observables is negligible and they were not considered further here.

The contribution from the *non-resonant* backgrounds (*i.e.* from all other $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp$$\end{document}$ collision processes) is larger, typically between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\,\%$$\end{document}$ of the signal, depending on the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$ range considered, and is dominated by multijet production with a combination of light-flavour jets misidentified as electrons and heavy-flavour jets with a subsequent semileptonic decay of a charm or beauty hadron. This contribution is estimated to correspond to 0.5 % of the signal for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow e^+ e^-$$\end{document}$ decays and to 1--2 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\%$$\end{document}$ of the signal for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu ^+ \mu ^-$$\end{document}$ decays. The background in the electron channel is somewhat lower because of the implicit isolation requirement imposed on the electrons through the electron identification requirements. Smaller contributions to the non-resonant background arise from diboson, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ and single top production and amount to less than 0.3 % of the signal, increasing to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1\,\%$$\end{document}$ at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}} > 50$$\end{document}$ GeV. The still smaller contributions from processes such as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ production with jets, where a jet is misidentified as a lepton, are treated in the same way as the multijet background. These contributions amount to less than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.1\,\%$$\end{document}$ of the signal sample.
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The non-resonant background is corrected for by studying the UE observables as a function of $\documentclass[12pt]{minimal}
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The effect of the background on the unfolded distributions can be summarised as follows: in the case of the electron channel, which has less background than the muons, the background in the average values of $\documentclass[12pt]{minimal}
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Combination of the electron and muon channels {#Sec10}
---------------------------------------------

Before combining the electron and muon channels, the analysis must correct for a bias over a limited region of the phase space which affects the measurements in the electron channel when one of the electrons is close to a jet produced in association with the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sum p_\mathrm {T} $$\end{document}$ (**a**) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_\text {ch} $$\end{document}$ (**b**) for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$20 < p_\mathrm {{T}}^\mathrm {{Z}} < 50$$\end{document}$ GeV shown separately for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow e^+ e^-$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z \rightarrow \mu ^+ \mu ^-$$\end{document}$ samples after all corrections have been applied. The *bottom panels* show the ratios between the electron and the muon distributions where the *error bars* are purely statistical and the *shaded areas* represent the total uncertainty, including systematic, on the combined result

criterion was applied to electrons to exclude the mismodelled event configurations and the proper geometric correction was deduced from the muon channel unaffected by jet overlap. The combined results for electrons and muons in the affected bins are assigned a larger uncertainty, since the contribution of events from the electron-decay channel is significantly reduced leading to a larger overall uncertainty. The most significant effect is observed for the $\documentclass[12pt]{minimal}
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As discussed in Sect. [2](#Sec2){ref-type="sec"} and in Sect. [7.1](#Sec8){ref-type="sec"}, the electron and muon results are unfolded and then combined, both as Born-level lepton pairs and as dressed lepton pairs, and accounting for the uncorrelated and correlated terms in the systematic uncertainties between the channels (as described in Sect. [8](#Sec11){ref-type="sec"}). Combining the dressed electron and muon pairs induces $\documentclass[12pt]{minimal}
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Figure [4](#Fig4){ref-type="fig"} illustrates the excellent agreement between the fully unfolded and corrected UE observables for the electron and muon channels, once the specific correction procedure described above has been applied to the electron channel in the limited phase space regions where significant hadronic activity occurs close to one of the electrons. As shown for the specific region $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec11}
========================

The following sources of uncertainty have been assessed for the measured distributions after all corrections and unfolding. Table [3](#Tab3){ref-type="table"} summarises the typical sizes of the systematic uncertainties for the UE observables as a function of $\documentclass[12pt]{minimal}
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Lepton selection: systematic uncertainties due to the lepton selection efficiencies have been assessed using MC simulation. The data are first unfolded using the nominal MC samples, then with samples corresponding to a $\documentclass[12pt]{minimal}
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Other potential sources of systematic uncertainty have been found to be negligible. The total uncertainty in each measured bin is obtained by propagating the systematic component of the error matrix through the channel combination. For the differential distributions in Sect. [9.2](#Sec14){ref-type="sec"}, the unfolding model dependent uncertainty increases to about $\documentclass[12pt]{minimal}
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Results {#Sec12}
=======

Overview of the results {#Sec13}
-----------------------
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Since the away region is dominated by the jets balancing the $\documentclass[12pt]{minimal}
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Differential distributions {#Sec14}
--------------------------
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The distributions of the charged particle multiplicity density in the four UE regions are shown in Figs. [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"} for the same $\documentclass[12pt]{minimal}
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Average distributions {#Sec15}
---------------------

The evolution of the event activity in the four UE regions with the hard scale can be conveniently summarised by the average value of the UE observables as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the toward (**a**) and transverse (**b**) regions. The *bottom panels* in each plot show the ratio of MC predictions to data. The *shaded bands* represent the combined statistical and systematic uncertainties, while the *error bars* show the statistical uncertaintiesFig. 15Comparison of data and MC predictions for charged particle scalar $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the trans-max (**a**) and trans-min (**b**) regions. The *shaded bands* represent the combined statistical and systematic uncertainties, while the *error bars* show the statistical uncertainties
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$ in the most UE-sensitive toward and trans-min regions is consistent with an assumption \[[@CR46]\] of a full overlap between the two interacting protons in impact parameter space at high hard scales.
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                \begin{document}$$\sum p_\mathrm {T} $$\end{document}$ distributions. The best description of the transverse and trans-max regions is given by Sherpa, followed by [Pythia]{.smallcaps} 8, [Alpgen]{.smallcaps} and [Powheg]{.smallcaps}. The observation that the multi-leg and NLO generator predictions are closer to the data than most of the pure parton shower generators suggests that these regions are affected by the additional jets coming from the hard interaction. Jet multiplicities in events with a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$-boson have been studied by the LHC experiments \[[@CR43]\], and they are well described by Sherpa and [Alpgen]{.smallcaps}.

The discrepancy between the [Pythia]{.smallcaps} 8 AU2 tune and the [Pythia]{.smallcaps} 6 Perugia tune possibly indicates the effect of using LHC UE data for the former in addition to the shower model improvement. In the trans-min region, which is the most sensitive to the UE, none of the models fully describe the data. Apart from [Herwig]{.smallcaps}++, and Sherpa, which predicts a faster rise of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sum p_\mathrm {T} $$\end{document}$ than observed in data, the other generators model the data better in the trans-min region than they do in the transverse or trans-max regions. This possibly indicates that in the LO shower generators the underlying event is well modelled but perturbative jet activity is not.Fig. 16The average values of charged particle multiplicity density, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the transverse, toward and away regions (**a**), and in the trans-max, trans-min and trans-diff regions (**b**). The results are plotted at the center of each $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$ bin. The *error bars* depict combined statistical and systematic uncertainties
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                \begin{document}$$\langle \sum \!p_\mathrm {T}/\delta \eta \,\delta \phi \rangle $$\end{document}$, it is the other way around. This indicates that the trans-diff region, which is a measure of extra activity in the trans-max region over the trans-min region, is populated by a few particles with high transverse momentum, as expected for the leading constituents of jets.Fig. 17Comparison of data and MC predictions for charged particle multiplicity density average values, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the toward (**a**) and transverse (**b**) regions. The *bottom panels* in each plot show the ratio of MC predictions to data. The *shaded bands* represent the combined statistical and systematic uncertainties, while the *error bars* show the statistical uncertainties
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                \begin{document}$$\langle \sum \!p_\mathrm {T}/\delta \eta \,\delta \phi \rangle $$\end{document}$ is observed. The [Pythia]{.smallcaps} 6 Perugia 2011C tune and [Alpgen]{.smallcaps} provide the closest predictions in all three regions. Sherpa, [Pythia]{.smallcaps} 8 and [Powheg]{.smallcaps} predict higher average multiplicities, with Sherpa being the farthest from the data. On the other hand, [Herwig]{.smallcaps}++ mostly underestimates the data.Fig. 18Comparison of data and MC predictions for charged particle multiplicity density average values, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the trans-max (**a**) and trans-min (**b**) regions. The *bottom panels* in each plot show the ratio of MC predictions to data. The *shaded bands* represent the combined statistical and systematic uncertainties, while the *error bars* show the statistical uncertainties
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                \begin{document}$$\sum p_\mathrm {T} $$\end{document}$ average values well in certain ranges. The better modelling of this region by MC models with additional jets coming from matrix element rather than from parton shower again confirms that the trans-diff region is most sensitive to the additional radiated jets.Fig. 19Comparison of data and MC predictions for charged particle scalar $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, in the trans-diff region. The *shaded bands* represent the combined statistical and systematic uncertainties, while the *error bars* show the statistical uncertainties

The difficulty of describing the $\documentclass[12pt]{minimal}
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From all the distributions considered, it can be inferred that the jets radiated from the hard scatter will affect the underlying event observables and therefore these must be properly reproduced in order to obtain an accurate MC description of the UE. The UE region least affected by the presence of extra jets is the trans-min region.

Comparison with other ATLAS measurements {#Sec16}
----------------------------------------

The results from this analysis are compared to the results obtained when the leading object is either a charged particle \[[@CR1]\] or a hadronic jet \[[@CR5]\]. The underlying event analysis with a leading charged particle was performed with the early 2010 data, while the analysis using events with jets utilises the full 2010 dataset.Fig. 22Distributions of charged particle multiplicity density, $\documentclass[12pt]{minimal}
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The hard scales used for the analyses are different and the choice of the main observable used to assess the evolution of the underlying event reflects this to a certain extent in the figures. Nevertheless, certain common qualitative features can be observed by comparing $\documentclass[12pt]{minimal}
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Conclusion {#Sec17}
==========

Measurements sensitive to the underlying event have been presented, using an inclusive sample of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sum p_\mathrm {T} $$\end{document}$; this subdivision provides additional power to discriminate between the different processes contributing to the underlying event models.

The results show the presence of a hard component in the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$-boson production. It is observed in all the investigated regions, with the trans-min region least affected by it. The average underlying event activity increases with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {{T}}^\mathrm {{Z}}$$\end{document}$, until it reaches a plateau, which is again most prominent in the trans-min region. The results have been compared to a number of MC models, using several tunes of commonly used underlying event models. MC model predictions qualitatively describe the data well, but with some significant discrepancies, providing precise information sensitive to the choices of parameters used in the various underlying-event models. Careful tuning of these parameters in the future may improve the description of the data by the different models in future LHC measurements and studies.
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                \begin{document}$$Z$$\end{document}$-boson events provides a probe of the underlying event which is complementary to that from purely hadronic events. A comparison between them shows similar underlying event activity for the trans-min region.

The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin. The anti-clockwise beam direction defines the positive $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta = -\ln \tan ( \theta /2 )$$\end{document}$. Transverse momentum is defined relative to the beam axis.
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